Antiplatelet compounds interfere with the platelet activation cascade at different levels. The antiplatelet effect of the thienopyridine, clopidogrel, results from antagonism of a platelet ADP receptor, P 2T , resulting in inhibition of platelet activation. This antagonism is non-competitive, irreversible, and results in a 50-70% inhibition of platelet fibrinogen binding. Additionally, clopidogrel may also antagonize the ADP-induced inhibition of adenylate cyclase, possibly resulting in an elevated platelet cyclic adenosine monophosphate level after stimulation by an appropriate agonist, such as prostacyclin. This spectrum of antiplatelet activities is different from that of aspirin. Further, clopidogrel is associated with a reduction in gastrointestinal hemorrhage, making it a valuable therapeutic alternative to aspirin in oral, long-term prevention of atherothrombotic vascular occlusion.
Atherosclerosis and atherothrombosis
Atherosclerosis is a chronic vascular disease that develops over years and may remain asymptomatic for long periods of time. 1 Morphologically, there is a progressive narrowing of the arterial lumen, eventually resulting in regional ischemia, such as transient ischemic attacks (TIA), effort angina, or intermittent claudication. Atherosclerotic vessels may potentially undergo a catastrophic event -acute thrombotic occlusion -with the corresponding clinical manifestations of myocardial infarction, sudden death, or ischemic cerebral infarction. Each of these life-threatening events are initiated by platelet-dependent thrombus formation, most commonly at the thrombogenic surface of an atherosclerotic plaque. Antiplatelet therapy is a symptomatic and effective approach 2 to preventing the consequences of endothelial dysfunction in atherosclerotic vascular disease, which could otherwise result in uncontrolled intravascular platelet activation.
Pathophysiology of platelet-dependent thrombus formation
Thrombus formation at a site of arterial vascular injury is initiated by the adhesion of resting platelets to the vessel wall. This response is mediated by the expression of platelet adhesion molecules, such as GpIb/IX and GpIIb/IIIa, which bind to von Willebrand factor and other components of the vascular subendothelium. 3 The binding of these adhesion molecules, along with other integrins, is regulated by accessibility of the subendothelial matrix, with its adhesive surfaces, to circulating blood. 4 Soluble agonists, such as adenosine diphosphate (ADP) and thromboxane A 2 (TxA 2 ) synergistically accelerate platelet activation. This results in platelet shape change, granule secretion, 5 and exposure of platelet phospholipids to circulating blood, which accelerates local thrombin formation. Finally, the platelet integrin, GpIIb/IIIa, is activated, undergoing a conformational change at the surface of the platelet allowing it to bind soluble fibrinogen. This results in the cross-linking of platelets via fibrinogen bridges, termed platelet aggregation.
The significance of ADP in platelet activation
Almost 40 years ago, ADP was found to cause red blood cell-dependent sticking (adhesion) of platelets to glass. 6, 7 Shortly after that, it was also observed that ADP could induce platelet-to-platelet adhesion (aggregation). This action was dependent on the presence of Ca ++ and fibrinogen. 8, 9 Further, platelet-dependent hemostatic plug formation was inhibited in the presence of ADP-metabolizing enzymes. 10 Shear stress-induced platelet activation is largely dependent on ADP 11 and is resistant to aspirin, 12 as is ADP-induced platelet activation in vivo, i.e. in the presence of physiological Ca ++ concentrations. These data and a number of follow-up studies led to the view that ADP is one of the most important mediators of platelet activation in vivo. 13 There are several rich sources of extracellular nucleotides in the blood, such as ADP. These include red blood cells, endothelial cells and platelet-dense granules. [14] [15] [16] In the platelet aggregates formed after vascular injury, local extracellular nucleotide concentrations may temporarily exceed 100 M. 17 Thus, ADP appears to be a potent, broad-spectrum, endogenous platelet-stimulatory agent in vivo.
Mechanisms of ADP-induced platelet activation

ADP receptor(s)
Biochemical and pharmacologic findings suggest the existence of at least two different ADP receptors on the platelet membrane belonging to the P 2X1 and P 2T subtypes of purinergic receptors (Figure 1 ). The P 2X1 receptor is an ADP ligand associated with an ion channel. The P 2T receptor is a heptahelical membrane receptor that is coupled to intracellular signaling pathways via G-proteins. The P 2T receptor subtype mediates other, still unknown platelet-stimulating actions of ADP. There are about 400-1000 ADP receptors per platelet, a number comparable with those of other G-protein-coupled platelet receptors, including vasopressin, ␣-agonists and TxA 2 . 18
ADP receptor signal transduction
There are at least three different signal transduction pathways that may become activated after ligand binding to the platelet ADP receptor: activation of GpIIb/IIIa; inhibition of adenylate cyclase activation; and stimulation of phospholipase C ␤ (PLC ␤ ). The significance of an ADP-stimulated increase in cytosolic Ca ++ concentration via activation of PLC ␤ and the subsequent formation of inositol triphosphate and release of Ca ++ from intracellular storage sites has not been fully elucidated. 19 It has been shown, however, that increases in cytosolic Ca ++ levels are a consequence of PLC ␤ stimulation by TxA 2 . Inhibition of TxA 2 formation by aspirin may enhance the antiaggregatory nature of ADP antagonists on platelets via this mechanism ( Figure 1 ).
The most important cellular signal transduction pathway of ADP, however, may result from activation of the platelet GpIIb/IIIa complex, the final common pathway of platelet aggregation used by all platelet agonists. Irreversible platelet aggregation requires the binding of fibrinogen to this receptor. As with other agonists, such as collagen and thrombin, ADP initiates the activation of fibrinogen binding sites on platelet membranes. This occurs via conformational changes in the GpIIb/IIIa complex that are prerequisite to stable platelet thrombus formation.
Mode of action of clopidogrel
Although most evidence suggests that the activity of clopidogrel is a direct result of its antagonism of the ADP receptor, it may also interfere with a more distal step in the platelet activation pathway, such as a ␣-protein response or tyrosine kinase phosphorylation. 20 This mode of action is different from aspirin, which does not directly affect ADPinduced platelet functions, including platelet adhesion and ␣-granule secretion. In contrast to aspirin, clopidogrel does not directly interfere with arachidonic acid metabolism. Thus, the inhibition of platelet aggregation brought about by clopidogrel is completely different from that of aspirin.
ADP receptors
Clopidogrel markedly reduces high-affinity ADP binding to a subset of ADP receptors (P 2T ) at the platelet membrane ( Figure 1 ). 21, 22 The affinity of these receptors for ADP remains unchanged during treatment with clopidogrel, which causes a 60-70% reduction in ADP binding. 18, 22 A similar, 70% reduction in ADP binding was observed in one patient with a congenitally defective ADP response ( Figure 2 ). 21 Clopidogrel's inhibition of ADP binding is non-competitive and irreversible, 23 although 20-30% of receptors are not affected. Since clopidogrel does not affect the shape change associated with platelet activation, it has been suggested that the population of binding sites that remain unaffected after treatment might be specifically involved in the platelet shape change. 23 It has also been suggested that clopidogrel has effects other than on platelets, such as the modulation of vascular tone. 24 GpIIb/IIIa complex As a consequence of reduced agonist binding at the P 2T ADP receptor, there is a marked inhibition of ADP-induced conformational changes in the GpIIb/IIIa complex. This activation is essential for the binding of soluble agonists, such as fibrinogen, and subsequent platelet aggregate formation. 20, 25 Insufficient fibrinogen bridging resulting from reduced numbers of platelet GpIIb/IIIa receptors will also result in less stable platelet aggregates and more rapid clot resolution. 25 Fibrinogen binding after clopidogrel treatment is reduced by about 70%. 25 The clinical result is a doubling of the bleeding time. In contrast with ADP receptor antagonists, selective GpIIb/IIIa antagonists, such as abciximab, integrelin and tirofiban, bind directly to the integrin and prevent the access of ligands, such as soluble fibrinogen, to the activated GpIIb/IIIa complex through competitive antagonism.
Platelet secretion
Studies in non-anticoagulated, ex vivo human blood have shown that clopidogrel profoundly inhibits both the degranulation of platelets in contact with a collagen surface and the subsequent formation of a thrombus. Since clopidogrel reduces fibrin deposition and thrombus formation, it has been suggested that clopidogrel interferes with plateletto-platelet interactions 26 through its effects on ADP-dependent platelet activation.
Adenylate cyclase activity
Exposure of platelets to ADP causes inhibition of adenylate cyclase at the platelet membrane. 27 Clopidogrel suppresses this inhibition of adenylate cyclase and the subsequent fall in cAMP levels. 28, 29 This action might be less significant in ex vivo conditions because of the short half-life of compounds that increase cAMP levels such as prostacyclin (PGI 2 ). However, this response may contribute to clopidogrel's inhibition of platelet aggregation in vivo, particularly in ischemic areas, where PGI 2 production is increased. 30 
Active principle(s) of clopidogrel
Clopidogrel is inactive in vitro in conventional assays of platelet activation. Ex vivo data suggest that the irreversible inhibition of platelet aggregation by clopidogrel is not mediated by metabolites detected in the plasma. More detailed studies of the mechanisms involved in clopidogrel bioactivation were conducted in animals, particularly the rat. In this species, the antiaggregating potency of clopidogrel was similar after intravenous or oral administration, but was markedly reduced after functional hepatectomy. 31 It was also seen that inhibition of cytochrome P 450 (CYP) by drugs or antibodies decreased the antiaggregating effect of clopidogrel, while stimulators of the CYP1A1 enzyme subfamily had the opposite effect. 23 Based on these data, it was suggested that the active principle of clopidogrel is generated in the liver by an unknown metabolic change that activates the native drug. 31
Time-dependency of antiplatelet action
Clinical inhibition of platelet aggregation does not occur immediately with administration of clopidogrel. A detectable antiplatelet effect can be observed within 2 h of treatment; 32 it becomes significant after 2 days of treatment and maximum inhibition is achieved after 4-7 days. 33 The velocity of the initial response may be increased with higher doses. 32 Interestingly, one preliminary report has suggested that administration of a loading dose of clopidogrel (375 mg) will result in a 55% inhibition of ADP-induced platelet aggregation after 1 h and 80% inhibition after 5 h. A maximal prolongation of bleeding time -approximately twofold -was seen after 3 days. 34 The half-life of clopidogrel (assessed with the metabolite SR 26334) is 7-8 h after a single administration; full recovery of platelet activity is seen about 1 week after treatment is ended. This suggests normalization of platelet function through platelet turnover. 21, 33, 35 The efficacy of clopidogrel (75 mg/day) was comparable with that of ticlopidine (500 mg/day). 36 The ability of clopidogrel to inhibit platelet function and prolong bleeding time was unchanged between weeks 1 and 4 of treatment. 36 A study in healthy volunteers found that the antiplatelet effects of clopidogrel (75 mg/day) increased by less than 10% after 3 months of therapy, compared with the level of steady-state inhibition achieved after 8-12 days of therapy. There was no further prolongation of the bleeding time. Similarly, no significant differences in antiplatelet efficacy were seen when clopidogrel was administered to young and elderly patients with and without atherosclerosis. 37 Collectively, these data suggest that the prolonged half-life of clopidogrel after regular daily intake for several weeks does not result in a potentiation of antiplatelet effects or additional prolongation of bleeding time.
Clopidogrel versus aspirin
In dose-ranging studies, clopidogrel (75 mg) was found to have the same effect as ticlopidine (500 mg). 36 The clinical efficacy of clopidogrel has been demonstrated in the CAP-RIE trial 38 in which clopidogrel (75 mg/day) was found to cause a significant 8.7% relative risk reduction (p = 0.043) in the combined vascular endpoints of myocardial infarction, ischemic stroke and vascular death compared with aspirin (350 mg/day). The mean duration of treatment was about 2 years.
The percentage of patients who dropped out of the study early because of adverse events was 11.4%: 6.01% of these came from the aspirin group and 5.38% came from the clopidogrel group. 38 Not surprisingly, the side-effects associated with aspirin and clopidogrel were different. The most common side-effects observed during clopidogrel therapy were diarrhea and rash. Upper gastrointestinal discomfort and bleeding occurred more frequently during aspirin therapy. Importantly, the CAPRIE trial showed that the rate of neutropenia was similar in both groups. Because of the different potencies, mechanisms of action and adverse effect spectra, clopidogrel is considered to be a valuable therapeutic alternative to aspirin.
An interesting approach to antiplatelet therapy is the combined use of clopidogrel and aspirin for prevention of thromboembolic stent occlusion. Several controlled clinical trials have indicated that the combined use of ticlopidine and aspirin is more effective and has fewer side-effects than conventional therapy with anticoagulants. 39 Similar beneficial results were obtained in patients who received stents as a bail-out procedure for failed angioplasty or suboptimal PTCA results. 40 However, to date these uses have not been studied with clopidogrel in humans. Animal experiments clearly suggest that clopidogrel prevents thrombotic reocclusion of coronary, 41 femoral, 41, 42 and carotid arteries after endothelial injury under conditions in which aspirin is ineffective. In addition, clopidogrel prevented coronary artery reocclusion more effectively than aspirin. 43
Clopidogrel pharmacology
Drug interactions
Data in animal experiments (rats) suggest that clopidogrel might interact with at least two components of the hepatic P 450 system. Therefore, it is important to know whether similar events occur in humans, since this could eventually prolong the drug's half-life. Alternatively, ADP receptor antagonists may interfere with the metabolism of other compounds that are subject to extensive hepatic clearance, such as phenytoin, theophylline and antipyrin. To examine the potential in vivo inhibition and/or induction of hepatic enzymes, clopidogrel use was studied in healthy male volunteers. After clopidogrel administration (75 mg/day for 10 days), no statistically significant difference in the elimination half-life of antipyrine (non-specific isoenzyme substrate) was observed. Plasma levels of gamma-glutamyl transpeptidase (␥-GT) and cortisol were not affected by this treatment, nor was urinary excretion of 6-␤ OH-cortisol (CYP3A substrate). This led the authors to conclude that clopidogrel, under the conditions of this study, does not cause hepatic enzyme induction nor does it modify the activity of hepatic oxidative enzyme systems. 44 No liver dysfunction was reported in the CAPRIE trial. 38 It should be noted, however, that the CAPRIE trial was a phase III study with numerous exclusionary criteria for patient selection, including a history of drug-induced hepatic abnormalities. Other studies have indicated that pharmacologic interactions do not occur during co-administration of clopidogrel and aspirin, 45 digoxin, 46 heparin, 47 atenolol, 48 or nifedipine. 48 The results of studies performed with clopidogrel show that it has antiplatelet activity and reduces the occurrence of thrombotic occlusive vascular disease. Clopidogrel has a greater efficacy than aspirin (8.7% relative risk reduction compared with aspirin; p = 0.043), the current 'gold standard' for antiplatelet activity, and a reduced association with gastrointestinal bleeding and discomfort; in addition, clopidogrel does not appear to cause neutropenia. Based on results of the CAPRIE trial, clopidogrel appears to be an efficacious and safe new agent for patients at risk of occlusive vascular events.
Note added in proof
Subsequent to the original submission of this paper, Weber and co-workers 49 have reported that clopidogrel specifically inhibits ADP-induced aggregation of washed human platelets in vitro without hepatic bioactivation.
